Introduction
Giant cell arteritis (GCA [MIM 187360]) is a chronic and polygenic immune-mediated disease of unknown etiology that is the most common form of vasculitis in individuals over the age of 50 in Western countries. 1, 2 It is characterized by inflammatory damage of large-and medium-sized arteries, particularly the extracranial branches of the carotid artery, which can lead to severe complications such as blindness or cerebrovascular events. 3, 4 During the last decade, genetic association studies have described several genes that are associated with predisposition to GCA, including genes of immune/inflammatory pathways and genes of the human leukocyte antigen (HLA) class I and II regions. The HLA-DRB1*04 alleles seem to be the most consistently associated genetic risk factors for this form of vasculitis. 5 One of the most successful platforms to identify immune-related risk variants is the Human Immuno DNA Analysis BeadChip Kit (known as the Immunochip), a custom Illumina Infinium High-Density array developed by the Immunochip Consortium for immunogenetics gene mapping. The Immunochip allows a dense analysis of 196,524 SNPs, rare variants, and insertion/deletion (indel) polymorphisms, located within 186 known susceptibility loci for autoimmune and inflammatory disorders. 6 The use of the Immunochip has substantially increased the number of established genetic risk factors for multiple immune-mediated diseases, including Takayasu arteritis (another large-vessel vasculitis [MIM 207600]), 7 celiac disease (MIM 212750), 8 rheumatoid arthritis (RA [MIM 180300]), 9 autoimmune thyroid disease (MIM 275000 and 140300), 10 psoriasis (MIM 177900), 11 primary biliary cirrhosis (MIM 109720), 12, 13 juvenile idiopathic arthritis (MIM 604302), 14 primary sclerosing cholangitis (MIM 613806), 15 narcolepsy (MIM 161400), 16 ankylosing spondylitis (MIM 106300), 17 atopic dermatitis (MIM 603165), 18 and systemic sclerosis (SSc [MIM 181750]). 19 The use of the same platform in all the above studies has facilitated the identification of common aetiopathogenic pathways among those disorders. 20 Considering the above, we decided to carry out a largescale genetic analysis of GCA in a well-sized case-control cohort with the Immunochip genotyping platform. Additionally, taking advantage of the high coverage that this array has in the HLA region, we performed a comprehensive analysis of the HLA region by using a novel imputation method to obtain imputed types of SNPs, classical HLA alleles, and polymorphic amino acid positions. 21, 22 Subjects and Methods
Study Population
Six independent case-control sample collections of European ancestry, from Spain (763 GCA-affected individuals and 1,517 unaffected controls), UK (251 GCA-affected individuals and 8,612 unaffected controls), North America (USA and Canada; 205 GCA-affected individuals and 1,641 unaffected controls), Italy (238 GCA-affected individuals and 1,270 unaffected controls), Norway (99 GCA-affected individuals and 374 unaffected controls), and Germany (95 GCA-affected individuals and 1,892 unaffected controls), were included in this study. The procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) of all participant centers, and written informed consent was obtained from all individuals. All cases fulfilled the 1990 American College of Rheumatology classification criteria for GCA, 23 and the diagnosis was additionally confirmed by either a biopsy of the temporal artery (95.35%) or arterial imaging (4.65%). The most relevant clinical phenotypes of the case cohort are shown in Table S1 .
Genotyping
Genomic DNA was extracted from blood samples by standard methods. The genotyping was performed on the Illumina iScan system with the Immunochip platform, as per Illumina protocols. Two different centers were involved in the genotyping. The sample sets from Spain, Italy, Norway, and Germany were genotyped by the Genomics and Genotyping Unit of the Pfizer-University of Granada-Junta de Andalucía Centre for Genomics and Oncological Research (GENYO, Granada, Spain) and those from UK and North America were genotyped by the Centre for Musculoskeletal Research (University of Manchester, Manchester, UK). Because of that, we used the same genotyping and calling procedures to control for possible batch effects as follows: (1) genotype calling was performed with the Genotyping Module (v.1.8.4) of the GenomeStudio Data Analysis software using the NCBI build 36 (hg18) mapping (Illumina manifest file Immuno_BeadChip_11419691_B.bpm); (2) low-quality SNPs of every batch were removed if they had call rates < 0.98 or cluster separation < 0.4; and (3) the strand orientation of every batch was set accordingly with the TOP orientation of Illumina to avoid A/T and G/C mismatches during the merging of the sets.
Quality Control
Different quality filters were applied to the Immunochip raw data from each cohort independently prior to the statistical analyses by PLINK v.1.07. 24 SNPs with a genotyping call rate lower than 98% and those that were not in Hardy-Weinberg equilibrium (HWE; p < 0.001) were removed from the analysis. Similarly, subjects were excluded if fewer than 90% of SNPs were called. In addition, principal-component (PC) analyses were performed to identify and exclude outliers based on their ethnicity by PLINK and the gcta64 and R-base under GNU Public license v.2. With this software, we calculated and plotted the three first PCs using the ''null'' SNPs of the Immunochip (i.e., not associated with autoimmune diseases) for each subject, and those who deviated more than 4 SDs from the cluster centroids were considered outliers. PC analysis was also used to confirm that all subjects in our filtered study cohorts overlapped with the CEU cohort of the HapMap project ( Figure S1 ). Furthermore, one subject per duplicate pair and per pair of first-degree relatives was also removed via the Genome function with a Pi-HAT threshold 0.5 in PLINK. A total of 1,651 GCA case subjects and 15,306 unrelated control subjects remained after applying the above filters. The final genotyping call rate in the pooled dataset, which contained information of 95,416 non-imputed genetic variants, was 99.94%.
HLA Imputation
We subsequently isolated the genotyping data from the extended major histocompatibility complex (xMHC) region, located in chromosome 6, 25 and used a previously validated imputation method to analyze the variation within the xMHC region of SNPs, classical HLA alleles, and amino acidic variants. 21, 22 In brief, to impute this genomic region, we used the SNP2HLA method with the Beagle software package 22, 26 and a reference panel comprised of 5,225 individuals of European origin 27 with genotyping data of 8,961 common SNPs and indel polymorphisms across the xMHC region, and four digits genotyping data of the HLA class I and II molecules. 28 Imputed data were also filtered with PLINK with the following thresholds: 95% success call rate for alleles and amino acids, deviation from HWE considering a p value of 0.001 for SNPs in controls, and 95% total call rate for individuals. Information from a total of 7,179 SNPs, 423 classical HLA alleles (126 at two-digit and 297 at four-digit resolution) of HLA-A (MIM 142800), HLA-B (MIM 142830), HLA-C (MIM 142840), HLA-DRB1 (MIM 142857), HLA-DQB1 (MIM 604305), HLA-DQA1 (MIM 146880), HLA-DPB1 (MIM 142858), and HLA-DPA1 (MIM 142880), and 1,275 amino acidic variants were included in the clean dataset (Table S2 ).
HLA Imputation Accuracy
To check the imputation accuracy, we obtained sequence-based types from a subset of 200 case subjects with GCA and unaffected control subjects (selected randomly from the Spanish cohort included in this study) for the classical HLA class II alleles DQA1, DQB1, and DRB1 at four-digit resolution, using the kits LABType SSO Class II DQA1/DQB1 Typing Test and LABType SSO Class II DRB1 Typing Test from One Lambda, because these molecules harbored the most significant amino acid associations (see below). In addition, we also used available data in our laboratory from 185 previously genotyped unaffected control subjects for the class I molecule HLA-B. We then compared the genotypes obtained serologically with the imputed ones as previously described. 21 
Imputation of Non-HLA Regions
We performed SNP genotype imputation of the most associated loci outside the HLA region. For that, we isolated the genotyping data of 5 Mb regions centered in the lead SNPs and obtained imputed genotypes with the software IMPUTE v.2. 29 The 1000 Genomes Phase 3 was used as reference panel. 30 The probability threshold for merging genotypes was established at 0.9. Imputed data were subsequently subjected to stringent quality filters in PLINK, i.e., individuals who generated genotypes at <90% were removed from the datasets, and SNPs with call rates <98% and those that deviated from HWE in control subjects (p < 0.001) were also discarded.
Statistical Analyses
CaTS Power Calculator for Genetic Studies, which implements the methods described in Skol et al., 31 was used to estimate the statistical power of our study (Table S3 ).
The statistical analyses were performed with PLINK and R. To test for association, we compared the variation frequencies of case and control subject by logistic regression on the best-guess genotypes (>0.9 probability) assuming an additive model with the three first PCs, the gender, and the country of origin as covariates. A minimal difference in the results was observed after adjusting for five or ten PCs. Inverse variance weighted fixed effects meta-analysis was also used to evaluate the consistency of the results of the non-HLA region. For the HLA region, we tested SNPs, classical HLA alleles, and all possible combinations of amino acid residues per position. Statistical significance was established by comparison of the deviance model to the null model as previously described. 19, 22 Cochran's Q and I 2 tests were used to measure the heterogeneity of the ORs across studies.
The omnibus association test was also performed to determine the influence of the polymorphic amino acid positions in the disease susceptibility, as described. 21 We established a null generalized linear model, which included the first three PCs, the country of origin, and gender as variables. Then, an alternative model was built for each position, including the previously described variables and all the possible alleles in the analyzed positions. Finally, both models were compared with a likelihood ratio test. This gives rise to a n À 1 degrees of freedom test, where n is the number of alternative alleles at that position. Additionally, we also conducted conditional analyses controlling the amino acid positions by the most associated positions with a putative functional effect in our set (conditioning factors). In these conditional analyses, the conditioning factors were included in both the null and the alternative models. By these means, we could test the association of all residues in the analyzed positions but including the conditioning factors as covariates in the models.
The haplotypes of the associated amino acid positions were also evaluated by additive logistic regression. Amino acid combinations with a frequency < 1% in control groups were excluded from this analysis.
To identify independent effects, dependency analyses by stepwise logistic regression were carried out with conditioning by the most associated signals, as described. 9 The statistical significance was set at 5 3 10 À8 . Odds ratios (OR) and 95% confidence intervals (CI) were also calculated. The Manhattan plots were obtained with an in-house modification of the R script written by Stephen Turner, and the 3D models of the HLA molecules were performed with the UCSF Chimera software. 32 The online tool of LocusZoom v.1.1 33 was used to plot the results of the imputed regions.
Analysis of Enrichment of Rheumatoid-Arthritis-Associated Variants
Considering that previous candidate gene studies 5 and the results reported here (see below) suggested a possible overlap between part of the genetic background of RA and GCA, we carried out an analysis of enrichment of confirmed RA-associated alleles in our GCA cohort. With this aim, we calculated in PLINK a genetic score predicting RA risk for each participant in our study by obtaining a weighted mean of genotype dosage across 52 RAassociated variants. These include the 5 amino acids conferring higher risk in the amino acid model proposed by Raychaudhuri et al. 21 and 47 non-HLA SNPs (22 exact ones and 25 proxies with r 2 > 0.9 in the CEU population of the 1000 Genomes project) out of the 101 reported in Okada et al. 34 The remaining SNPs were not used to calculate the scores either because they were not included in our GCA dataset or because they had a reduced statistical significance in the European population (p < 1 3 10 À6 ).
The effect estimates used to weight the scores were the log of the ORs reported for the European population in Table S1 of Okada et al. 34 and the per-allele ORs (i.e., assuming an additive genetic model) reported in the Table S4 of Raychaudhuri et al. 21 Table S4 summarizes the main aspects of the variants included in the analysis.
To analyze the possible difference between the score distribution in case and control subjects, a null generalized linear model including the first three PCs, country of origin, and gender as variables was compared against an alternative model including the same variables and the RA risk scores by the means of a likelihood ratio test in R.
Results
Association signals at the genome-wide level of significance were observed only in the combined analysis ( Figure 1 ) and in the independent analyses of the cohorts with higher statistical power, i.e., Spain, UK, and North America ( Figure S2 ). In all cases, those signals were located within the HLA region at chromosome 6 (Table S5 ).
Deep Interrogation of the HLA Region
To narrow down the HLA association with GCA, we inferred SNPs, classical HLA alleles, and polymorphic amino acid positions. The overall accuracy reached after comparing four-digit types with the corresponding imputed data was 99.48% for HLA-DQA1, 98.45% for HLA-DQB1, 89.94% for HLA-DRB1, and 88.11% for HLA-B (Table S6 and Figure S3 ).
After the imputation, high association peaks were observed in HLA-DRB1*04, HLA-DQA1*03, and HLA-DQB1*03 alleles (Table 1) , particularly HLA-DRB1*04:04 (p ¼ 2.12 3 10 À23 , OR ¼ 2.28), HLA-DQA1*03:01 (p ¼ 1.38 3 10 À35 , OR ¼ 1.85), and HLA-DQB1*03:02 (p ¼ 3.93 3 10 À28 , OR ¼ 1.90). Consequently, different amino acids included in those alleles were also strongly associated with disease predisposition in the combined analysis (Table S5 ). However, the peak signal corresponded to a SNP (rs477515, p ¼ 4.05 3 10 À40 , OR ¼ 1.73) in high linkage disequilibrium (LD; r 2 ¼ 0.43, D' ¼ 1.00) with a group of SNPs and amino acids of HLA-DRB1 in complete LD with one another that have a stronger effect size (OR ¼ 1.92), including a His in position 13 (p ¼ 5.12 3 10 À38 , OR ¼ 1.92) located in the binding groove of the molecule. 35 This SNP maps to the intergenic region between HLA-DRB1 and HLA-DQA1 genes and has no putative regulatory effect according to the regulomeDB database (score ¼ 6), although a possible relevant function of rs477515 can not be ruled out.
Dependence Analysis
We then hypothesized that the HLA association with GCA might be explained by polymorphic amino acid residues, as reported for other immune-mediated diseases, 21, 36, 37 and we carried out further logistic regression analysis of the HLA data controlling for the most associated amino acid residues. If the most associated signals were in high LD, we selected for those located in the binding pocket of their corresponding molecule.
A summary of the logistic regression analysis is shown in Figure 2 . First, we included the above-mentioned HLA-DRb1 His13 amino acid as covariate, which decreased considerably the statistical significance of the class-II-associated signals (highest peak: rs3104407, p ¼ 3.27 3 10 À16 , OR ¼ 0.70; Figure 2B ). Subsequently, the addition to the model of a glycine (Gly) in position 56 of the HLA-DQa1 chain explained the association at the genome-wide level of significance observed in the class II region, although some independent signals in class I (i.e., amino acids in positions 45 and 97 of HLA-B and the SNP rs3130944) still remained (highest peak: presence of Arg or Thr in position 97 of HLA-B, p ¼ 1.36 3 10 À8 ; Figure 2C ). Finally, when a Thr in position 45 of the HLA-B molecule was included in the condition list, all the class I variants were non-significant ( Figure 2D) . Hence, the model that best explained the HLA association (Table S5 ). However, it should be noted that we based our analysis on the hypothesis that the leading drivers are most likely to be located in antigen-binding pockets of the HLA molecules and, therefore, other putative models (e.g., including the rs477515 genetic variant) might also explain our data equally well.
Omnibus Test
We also tested the possible influence of the polymorphic amino acid positions by means of an omnibus test (Table  S7 and Figure S4 ). The most associated signals corresponded to the HLA-DQa1 positions 47, 56, and 76 (p ¼ 4.02 3 10 À46 , p ¼ 1.84 3 10 À45 , and p ¼ 1.84 3 10 À45 , respectively). Regarding the latter, DQa1 76 might harbor three amino acid residues (Val76, Met76, and Leu76) that are in complete LD with the three possible variants in DQa1 56 (Arg56, Gly56, and *56) and, therefore, they cannot be distinguished by statistical analysis alone. In relation to DQa1 47, four amino acids can be present at this position (Gln47, Arg47, Lys47, and Cys47). Two of them (Gln47 and Arg47) are in complete LD with amino acids of DQa1 56-76 and form two haplotypes, i.e., Gln47-Arg56-Val76 (haplotype A, conferring risk) and Arg47-Gly56-Met76 (haplotype B, conferring protection) ( Figure 3A , Table S8 ). The third and fourth possible DQa1 47 amino acids also form two other haplotypes with DQa1 *56-Leu (haplotype C, Lys47-*56-Leu76; and haplotype D, Cys47-*56-Leu76), but those haplotypes did not reach statistical significance (Table  S8 ). Position 13 of HLA-DRb1 also showed high association (p ¼ 4.08 3 10 À43 ), and the only class-I-associated position was HLA-B 45 (p ¼ 4.12 3 10 À9 ). It was not possible to unambiguously established casualty from HLA-DRb1 13 over DQa1 positions 47, 56, and 76 due to the high LD between some of the amino acids at those positions (Table S8) .
Considering the similarity in the association with RA susceptibility observed for the positions 11 and 13 of HLA-DRb1, 21 we conditioned these two positions one to another to analyze possible casualty in GCA. Contrary to that observed in RA, position 11 completely lost its statistical significance after conditioning on position 13 (conditioned p ¼ 0.64), whereas a suggestive p value was observed for position 13 after conditioning on position 11 (conditioned p ¼ 6.74 3 10 À6 ). Table 2 summarizes the results of the associated amino acids within the positions comprising our proposed model to explain the HLA association with GCA.
Additionally, similar to that observed in the analysis of the specific amino acid residues, no statistically significant signals were detected after including the amino acids of HLA-DRb1 13, HLA-DQa1 56, and HLA-B 45 as conditioning factors in the analyses ( Figure S4 ).
Haplotype Analysis
Taking into account the high LD of the class II HLA genomic region, we decided to carry out a haplotype test combining all the possible amino acids present in the class II positions of the model (Figure 3 ). Although different haplotypes surpassed the genome-wide significance threshold, none of them showed a significant improvement in the association observed for the associated amino acids of HLA-DRb1 13 and DQa1 47, 56, and 76 independently. Similar results were observed when the haplotypes were examined including the amino acids of position 45 of the class I molecule HLA-B (Table S9 ). This was consistent with the fact that: (1) HLA-DRb1 His13 and the haplotype A of HLA-DQa1 (Gln47-Arg56-Val76), which are in high LD (r 2 ¼ 0.92), defined the higher association signal in the haplotype analysis (p ¼ 4.12 3 10 À37 , OR ¼ 1.90); (2) all the most significant risk haplotypes included the amino acid HLA-DRb1 His13 (DRb1 His13 -DQa1 haplotype A, p ¼ 4.12 3 10 À37 , OR ¼ 1.90; DRb1 His13 -DQa1 haplotype A -B Glu45, p ¼ 9.09 3 10 À20 , OR ¼ 2.52; DRb1 His13 -DQa1 haplotype A -B Met45, p ¼ 1. The classical HLA alleles in our dataset that contain those amino acids are shown. Asterisk (*) indicates amino acids involved in antigen binding.
Analysis of the Non-HLA Region
No associations at the genome-wide significance level were detected when the non-HLA region was analyzed by logistic regression (Table 3) . Two genetic variants of the protein tyrosine phosphatase non-receptor type 22 (PTPN22 [MIM 600716]) gene in almost complete LD (r 2 ¼ 0.99) represented the highest non-HLA association signal with GCA (rs6679677, p ¼ 1.31 3 10 À6 , OR ¼ 1.39; rs2476601, p ¼ 1.73 3 10 À6 , OR ¼ 1.38). One of them (rs2476601) is a non-synonymous (p.Arg620Trp) functional variant that has been associated with a variety of immune-mediated diseases, 38 including GCA (in a study with partial overlap of the sample collections with this one). 39 Suggestive association (p < 10 À4 ) was also found for another two tightly linked SNPs (r 2 ¼ 0. Similar results were observed when the dataset was analyzed with inverse variance weighted meta-analysis (Table S10 ). However, in this analysis REL rs115674477 corresponded with the second top signal, with a statistical significance (p ¼ 3.56 3 10 À6 , OR ¼ 1.67) very similar to that observed for PTPN22. In order to conduct a more detailed analysis of the top signals, we obtained imputed data of the PTPN22, LRRC32, and REL genomic regions. A total of 922 SNPs in the PTPN22 region, 462 in the LRRC32 region, and 1,158 in the REL region were included in the imputed datasets. However, because of the dense coverage of the fine-mapped loci in the Immunochip, all the imputed variants showed a lower statistical significance than PTPN22 rs2476601, LRRC32 rs10160518, and REL rs115674477 (Figure 4) , consistent with previous studies. 19 We checked the statistical significance of genes reported to be associated with GCA in candidate gene studies. 5 Although the signals were relatively weak, associations at p < 0.05 were observed in most cases (Table S11 and Figure S5 ), e.g., nitric oxide synthase 2 inducible (NOS2 [MIM 163730]; rs2274894, p ¼ 1. 58 Considering that a shared genetic component might influence the development of different autoimmune phenotypes, 20, 40 we also checked the results of specific known susceptibility SNPs for immune-mediated diseases in our dataset accordingly with the reported data in Table S5 of Ricaño-Ponce and Wijmenga. 40 Associations at the nominal level (p < 0.05) between GCA and several autoimmune SNPs were observed (Table S12) 
Polygenic Risk Score Analysis
Taking into account that some of the most associated variants with GCA are confirmed RA risk factors, we calculated polygenic risk scores predictive for RA susceptibility in our samples and tested whether there were differences in the distribution of the scores between case and control subjects ( Figure 5 ). Three different scores were constructed per sample: (1) with all the RA-associated variants, (2) including only the non-HLA SNPs, and (3) considering only the HLA amino acids conferring higher susceptibility to RA. 21 In the three analyses, the mean score was higher in the GCA set that in control subjects. The most significant differences between case and control subjects were observed when the scores were calculated with all the RA variants (likelihood p value ¼ 9.32 3 10 À28 ; Figures  5A and 5B) . The difference of the score distribution between case and control subjects was also highly significant when only the five RA-risk amino acids were considered to calculate the scores (likelihood p value ¼ 3.71 3 10 À23 ; Figures 5E and 5F) . Although a less significant p value was ob-tained with the scores calculated with the non-HLA alleles, there was still some evidence of an effect (likelihood p value ¼ 5.57 3 10 À6 ; Figures 5C and 5D ). However, these results must be interpreted with caution, because they suggest only that RA and GCA case subjects are genetically more similar to each other than each is to healthy control subjects. Further analyses are needed to obtain a better estimation of the shared genetic component between this type of vasculitis and other immune-mediated diseases.
Discussion
This study was performed with a large GCA cohort of individuals from different European ancestries that cover the whole gradient in prevalence for populations of European descent. 41 Our data show strong evidence for substantial involvement of HLA class II region in the pathophysiology of GCA. We confirmed the previous associations of GCA with HLA-DRB1*04 alleles (both 04:01 and 04:04). [42] [43] [44] [45] [46] [47] [48] [49] We also identified HLA-DQA1 as an independent novel susceptibility factor for GCA, specifically the classical alleles DQA1*0101, DQA1*0102, and HLA-DQA1*03:01. The level of statistical significance observed within the HLA region in our study highlights the importance of the immune system in the development of GCA. Our results are consistent with the hypothesis of dysregulated interactions between the vessel wall and immune cells as responsible for the development of large-vessel vasculitides. 50 Novel imputation methods are allowing the identification of specific amino acid positions of HLA molecules associated with immune-mediated diseases, including RA, 21, 51 SSc, 19 and Behçet disease (BD [MIM 109650]), 36 thus increasing our understanding of the complex HLA associations with different autoimmune processes. With this state-of-the-art methodology, we built a model including class II amino acid positions (HLA-DRb1 13 and HLA-DQa1 47, 56, 76) and one class I amino acid position (HLA-B 45) that explained most of the HLA association with GCA in our study cohort. Some of these amino acid positions are located in the binding groove of their corresponding HLA molecules and are directly involved in the peptide binding 35, [52] [53] [54] (Figure 6 ).
According to our results, the presence of a Thr in position 45 of HLA-B might be protective of the development of GCA. Interestingly, classical HLA alleles containing Thr45, such as HLA-B*51:01, have been associated with a delay in the onset of AIDS (MIM 609423)-defining diseases and a better control of HIV infection. 55 In addition, HLA-B*51 (particularly 51:01) has been identified as the strongest known genetic risk factor for BD, another type of vasculitis, although HLA-B 45 does not seem to be a relevant position for this association. 36 However, no significant risk effects were observed for any of the other amino acids (Met, Glu, and Lys) of this position in our sample set, despite the strong influence that this position seems to have on the features of the bound peptides. 54 This could be the reason for the lower statistical significance of this position in the omnibus test compared with the associated positions of HLA-DQa1 and HLA-DRb1. Both class II molecules harbor amino acids with strong effect sizes in both sides (e.g., risk for HLA-DRb1 His13 / HLA-DQa1 haplotype A, and protection for HLA-DRb1 Ser13 / HLA-DQa1 haplotype B).
In relation to HLA-DQa1, Arg56 is directly involved in hydrogen bonding to the DQ2.5-glia-g-4c epitope, 52 and it might represent a critical position in the binding groove of the HLA-DQ molecule. Additionally, DQA1*01 alleles containing HLA-DQa1 Gly56 have been recently associated with immune-mediated disorders. For example, a model including DQA1*01:02 (together with DRB1*03:01 and DRB1*08:01) has been proposed to explain the HLA associations with systemic lupus erythematosus (MIM 152700). 56 Similarly, homozygosity of DQA1*01:02 seems to play a crucial role in the development of narcolepsy with cataplexy. 57 In contrast to the data on DQ*, HLA-DRb1 His13 is included in the previously identified GCA-associated alleles HLA-DRB1*04:01 and HLA-DRB1*04:04. [42] [43] [44] [45] [46] [47] [48] [49] This amino acid is in tight LD with the top most associated position with RA (HLA-DRb1 Val11). 21 In the study of RA, it was not possible to unambiguously assign causality to one position at the exclusion of the other, indicating that HLA-DRb1 His13 cannot be ruled out as the major contributor to the HLA association with RA. 21 Indeed, the two more associated amino acids with RA and GCA risk at those positions (HLA-DRb1 His13 and HLA-DRb1 Val11) showed also a high LD in our dataset (r 2 ¼ 0.94), and it could be possible that HLA-DRb1 11 represents a causal position for GCA. However, the effect sizes observed for both the HLA-DRb1 Val11 residue (p ¼ 2.22 3 10 À32 , OR ¼ 1.80) and the HLA-DRb1 11 position (p ¼ 5.06 3 10 À37 ) were clearly lower than those observed for HLA-DRb1 His13 (5.12 3 10 À38 , OR ¼ 1.92) and position 13 of HLA-DRb1 (p ¼ 4.08 3 10 À43 ) in our study. In addition, the effect of position 11 in GCA susceptibility was completely eliminated after conditioning on position 13 (p ¼ 0.64), whereas a suggestive association with position 13 remained after conditioning on position 11 (p ¼ 6.74 3 10 À6 ).
Remarkably, candidate gene studies in GCA suggested that this vasculitis shares some of its genetic component with RA. 5 Our data clearly support this hypothesis, because two out of the three top signals outside the HLA region in our Immunochip study, PTPN22 and REL, are important susceptibility factors for RA. 34, 58, 59 In addition, PRKCQ, another RA risk gene of the REL pathway, 60 is also among the most significant loci in our study. The above is consistent with the clear difference that we observed in the polygenic risk scores predictive for RA risk between GCA case and control subjects.
Furthermore, the autoimmune disease-associated PTPN22 SNP rs2476601/p.Arg620Trp, which is a central negative regulator of both B and T cell receptor signaling, 61 was the top signal in the non-HLA analysis of GCA. There is controversy about the suitability of using the strict genomewide significance threshold (5 3 10 À8 ) in Immunochip studies, 62 because the design of this custom array was not based on SNPs tagging the whole genome but on the finemapping of immune genes. 6 We estimated that the total number of independent signals in our filtered dataset was 23,791 (indep-pairwise option of PLINK with values 50 5 0.2) and, therefore, an appropriate Bonferroni-based statistical threshold for our study could be considered 2.10 3 10 À6 . Similarly, with the Genetic type 1 Error Calculator (GEC) software, which implements a previously validated method to calculate the threshold for statistical significance required to control the genome-wide type 1 error rate at 0.05, 63 1.77 3 10 À6 was obtained as significance threshold for our study. Hence, with this criterion, PTPN22 rs2476601 would represent a confirmed associated variant in GCA. This same genetic variant was recently identified by our group as a susceptibility factor for this type of vasculitis through a candidate gene strategy, via using a GCA sample collection that partially overlaps (48%) with the one analyzed here. 39 Therefore, this study confirms PTPN22 as the non-HLA gene with greatest effect susceptibility to GCA described to date, as it occurs in RA. 64 Regarding REL, it should be noted that rs115674477 appears as an isolated singleton in our study. Considering its low frequency (MAF < 0.03), reasonable doubts might arise about the reliability of this association. However, the consistency of the effect sizes observed for this SNP across the different populations suggests that it might represent a real association signal. REL encodes a member of the NF-kB family of transcription factors known as c-Rel, which is involved in T cell and antigen-presenting cell function. 65 It has been demonstrated that c-Rel regulates the expression of the Th1-cell-promoting cytokine IL-12 and the Th17-cell-promoting cytokine IL-23 in dendritic cells and macrophages, respectively. 66, 67 Furthermore, c-Rel is also required for the expression of FoxP3, a master regulator in the development and function of regulatory T (Treg) cells. 68, 69 Interestingly, the second non-HLA hit in our study, LRRC32 (also known as glycoprotein A repetition predominant protein [GARP]), is highly expressed in activated Treg cells and it could also control the expression of FoxP3. 70, 71 It has been reported that the surface localization of LRRC32 alters the surface expression of T cell activation markers and that LRRC32 þ Treg cells mediate more suppressive signals than LRRC32 À Treg cells. 72 Genetic variants of LRRC32 have been associated through genome-wide association studies with UC, atopic dermatitis, and allergic rhinitis (MIM 607154). [73] [74] [75] In UC and allergic rhinitis, the associated variant corresponded with rs215521, 73, 75 one of the two linked LRRC32 SNPs that are more significantly associated with GCA in our study. Considering that current knowledge points to Th1, Th17, and Treg cells, together with dendritic cells and macrophages, as the most relevant cell types in GCA pathophysiology, 76, 77 we propose that both LRRC32 and REL might represent true risk factors for this type of vasculitis, albeit not reaching the genome-wide level of significance.
In summary, through a comprehensive screening of immune loci, we have derived a testable model of different HLA amino acid positions (HLA-DRb1 13, HLA-DQa1 47, 56, 76, and HLA-B 45) that explains most of the HLA association with GCA. However, it is important to note that, despite the clear biological implication of our model, there was insufficient statistical power in the current dataset to definitively confirm these positions as the true causal drivers of the HLA association with GCA, considering the high level of LD within this genomic region. Consequently, it should be tested in future studies.
Additionally, our data implicate other putative susceptibility genes outside the HLA region, such as PTPN22, LRRC32, and REL, which encode key proteins involved in T cell function. Further collaborative efforts are necessary to increase the sample size of the current GCA cohorts and to definitively confirm these loci at the genome-wide level of significance. Replication of our findings in independent GCA cohorts with greater statistical power and functional studies confirming the involvement of the proposed variants in the disease pathophysiology would also be desirable to substantiate them.
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